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FOREWORD

The study reported herein was performed by Dr. E. M. Leflaive at the

U. S. Army Engineer Water-ays Experiment Station (WES) utilizing funds and

resources fu.nished by the Directorate of Research and Development, U. S.

Army Materiel Command, under DA Task IV.O.14501.B_52A_01, "Earth Physics,

(Terrain Analysis)."

The U. S. Army Research Office-Durham (ARO-D) negotiated contract

No. DA-31-124-ARO(D)-164 with Duke University for the employment of

Dr. Lefla;.ve for one year. With the cooperation of ARO-D and at the

• •quest of Mr. W. J. Turnbull, Technical Assistant for Soils ai.d Environ-

mental Engineering, WES, Dr. Leflaive was assigned to WES in October 1963

for the duration of his contract. At the expiration of the contract,

Dr. Leflaive became a member of the staff of the Mobility Section, Army

Mobility Research Branch (AMRB), Mobility and Environmental Division, WE3.

Technical assistance and the test data that were employed in the

study were provided by personnel if the AMRB. This report was prepared by

Dr. Leflaive.

Col. Alex G. Suttun, Jr., CE, and Col. John R. Oswalt, Jr., CE,

were Directors of the %W during the study and the preparation of this

report. Mr. J. B. Tiffany was Technical Director.
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SU?*LRY

This report presents a method of analyzing the results of tests with

pneumatic tires in sand. The method is based on considering the work of
the pull developed by the test wheel as the difference between energy input
and energy dissipation. The parameters used t, represent these energies
are defined, and their meanings are described ii' some detail by referring
"to the theoretical case of a rigid wheel on a rigid surface. This theo-
retical case is also used as a reference system to evaluate the results of
actual tests, Experimental data for a number of representative test condi-
tions are presented and compared with the reference system. Concepts of
efficiency are intrcduced and discussed.

It is concluded that the proposed approach is promising for both
conveniently expressing experimental results and nnderstanding tire be-

.I havior in soft soils. However, more uata will have to be analyzed to draw
quantitative conclusions for practical use.

Four appendixes are included in which certain aspects of the defini-
tions of slip, stress distribution, lateral confinement of sand, and
criteria for propelling-system efficiency are discussed.
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MECHANICS OF WHEELS ON SOFT 8OILS

A HMThOD OF ANALYZIfG TEST RESULTS

PART I: INTRODIUCTION

Background

j 1. In 1960, under the sponsorship of the U. S. Army Materiel Command,

a research program was initiated at the U. S. Army Engineer Waterways

Experiment Station (WES) to study the performance of soils under tire

loads. Many tests have been ran with several pneumatic tires in soft

soils during this program. The tests were conducted in specially prepared

soil bins with a ringle-wheel dynamometer carriage that was capable of

measuring pertinent moments, forces, and displacements of the test system.

The test program, equiprent, and facilities, as well as the specific test

results, are described in a series of reports under the general title

p Performance of Soils Under Tire Loads.*

2. The study reported herein was begun as a result of recognition

of the need for a better understanding of the interaction of soils and

pneumatic tires. Some tire-soil relations observed in the test results

could not be adequately described on the basis of the present understanding

of the mathematics of s'ich systems. Additional stimulus was gained from a

paper** presented at the First International Conference on Soil-Vehicle

Systems in which a concept of rolling resistance was discussed in detail.

Purpose and Scope

3. While this report is concerned with the task of furthering our

understanding of the mechanics of wheels operating on soft :)ils, it is

$ * U. S. Army Engineer Waterways Experiment Station, CE, Performance of
Soils Under Tire Loads, Technical Report No. 3-666, Reports 1-5,
Vicksburg, Miss.

* J. R. Phillips, "'The powered vehicular wheel plane-rolling in equilib-
rium: a consideration of slip and rolling resistance," Mechanics of
Soil-Vehicle Systems: First International Conference on Mechanics of
Soil-Vehicle Systems (Turin, Italy, June 1961), pp 541-544.

!1
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principally an attempt to develop and demonstrate a useful method of

analyzing exjterimental results.

4. The program of perfo-ianct! of soi's undqr tire loads was essen-

tially of exploratory nature. Interpi'etation of such tests required a

general view of the mtaning of the test results. Difficulty stemmed from

the numerous parameters and variables that play a part in rolling motion.

Thus, the problem was to decide in what terms test resuLs should be ex-

pressed and plotted to obtain a convenient and instructive description of

experimental facts. It i, with this problem that this report is concerned.

5. Data from 44 tests conducted on air-dry sand (Yuma sand) were

used both to develop and evaluate the method of analysis. ('.neral quali-

tati-Te conclusions are offered, but no attempt is made to dra. definite

quantitative conclusions for oractical use.

6. The importance of considering effiriency for wheel performance

evaluation is emphasized in this report. Efficiency evaluation is con-

sidered an element of test interpretation because of its usefulness in

comparing the performance of different wheels.

P finitions and Notation

7. Definitions of terms peculiar to this report are given below.

Other pertLient definitions can be found in WES Technical Report No. 3-666,

Report 1. Notation for pertinent quantities used in the definitions is as

follows:

M = torque v = translation speed
P = pull R = radius of the wheel
C= rotational velocity of W = vertical load

the wheel (iadians/sec) t = time

Slip terms

8. Two definitions of slip are used and are referred to as normal

slip s and differential slip g . They are d~fined as:

theoretical velocity - actual velocity
theoretical velocity

theoretical velocity - actual velocity
g =actual velocity

I_



The word "normal" means the -onstant value taken as a reference in the

denominator. The word "differential" stresses the variable character of

the actual distence taker, as a reference. These adjectives are used when-

e.ver the distll'ntion 1- necessary. The term "slip" used alone means the

physical phenomenon of slip, 4benever its numeric value is unimportant.

9. Normal slip end differential slip are, respectively,

B P-v 1 v
Rn Rn

RFU- v RD
Sv v

Therefore, s

San.

1+g

A comparison of normal slip and differential slip is given in detail in

Appendix A.

Energy terms

10. Three dimensionless energy coefficients are defined as follows.

a. Torque energy coefficient 1. is the energy supplied or

withdrawn at the wheel axl?, per unit of vertical load, per

unit of distance traveled by the *heel. Thus,

TIM 1 M (4 g)
WVPW 1 -s W

b. Pull energy coefficient X is the energy recovered or

supplied as a pull, per unit of load, per unit of distance

traveled. Algebraically,

Pv P
WV W

Thus, it is seen that the pull energy coefficient X is

also the ratio Ploaload"

c. Dissipated energy coeffi-ient p is the energy not recovered

1uaumm numun n nnn• • nu n n u nn3n m a• n• a•. • -



mechanically, per imit of load, per unit of distance travelpod.

Therefore,

Po P

Wv -

The dissipated energy coefficient p is identical with the

coefficient of rolling resistance proposed by Phillips.*

Efficiency

11. The efficiency paraneter used in the analysis is termed the

"traction efficiency." (Other definitions of efficiency are given in

Appendix D.) The traction efficiency T is

lI

where Ta is the torque energy •xpended when the wheel ýs just barely

propelling itself. The traction efficiency T is the ratio of the energy

available as pull energy to the increment of torque energy (in excess of

the torque energ. required for self-propulsion) that must be expended to

produce the pull.

* See footnote on page 1.
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PART II: DEVELOH4F2!T OF =E ANALYSIS MM'ZGD

Enr.yConcept

Primary considerations

1'. The method of analysis developed in this report is based on

-eqLating the energy supplied or withdrawn at the wheel axle (torque energy),

the energy made available as pull (pull energy), and the energy dissipated

in the soil and in the tire. From the test data, the tolque energy and the

pull energy can be determined. The dissipated energy is the difference

b,ýeen the torque energy and the pull energy and therefore is also known.

The variations of the torque energy and of the dissipated energy are studied

as Pnr~ction7s of the test conditions. If relations can be shown between the

test acndr. d these two enei~ies, these can be predicted. Then the

rul, car be pr.eedicted also.

13. The purpose in selecting this approach is to provide a re-

la t i v-ey simple method of describing the wheel-soil interaction and to

sepai-ate the principal phenomena that determine the test results. From

the physical viewpoint, it is useful to consider the process involving

the energy input to be independent of the process by which energy is lost

to the soil.. Evidently the two processes are related because both are

affected by the basic test parameters and by the secondary phenomena that

occur while a wheel is in motion, such as effect of sinkage on bou.Mdary

conditions, change in soil density due to shear, etc. However, it is pro-

posed-to consider the two phenomena separately and to regard the pull as

the result of their superposition.

14. Anothcr reason for considering energies is their suitability for

dealing with efficiency. The problem of the efficiency of a wheel is dis-

ciszed in Appendix D Various efficiency coefficients are defined that are

ratios of energy quantit.es based on torque, pull, and dissipated energies

used for analyzing test results.

Reference condition

15. The energy concept is made meaningful by comparing the Lnergies

* associated with a pneumatic tire operating in soil with the correspoding

!)I _



energies that theoretlcally would exist for an id!a&l rigid wheel operating

on a rigid surface. The differences observed in the comparison of the

energies then can be studied as consequences of th: p-:ticular test

ozonditiors.

-osition of the Reference System

16. The reference system consists of the performance curves of a

pavered rigid wheel ro'ling and slipping on an unyielding surface. It is

a strictly theoretical condition. The load and the radius of the_ wheel are

taken as unity, and a constant coefficient of friction f io assumed

between the wheel and the hard surface. The performance curves show how

the energy quantities considered for the analysis of test results vary in

this simple theoretical case. In fig. 1 the torque, tor.que energy, pull

S.•.• /Fig, 1. Tbeoretical dia-
i •-'• /gram for a rigid wheel on a
'•i•_ - •/ - t rigid groirnd with a constant

SLmm@coefficient of friction f
S.,•1•t. C0%FFICIENT

M TORQUE
PUF•LL FNIERGY
DIS1 SI PATED E.N ERGYSTOR 

OUE ENERGY

I f 9CT0

SAND V BRAKINGWHEEL - - DRIVING WH•EEL

IN OPPOSM TON

NOI OM ATING

J=, energy, and dissipated energy coefficients are plotted versus differential

I slil• g . The plots are described in the following paragraphs.

Torque M and torque
,energy coefficient T

17. The torque M is limited by the maximum frictional force at

grmfrargdwelo6



the contact point. Tt has the value +f for ý'"-4 positive dilft-rential

slip and -f for any negative differentia~l slip. j?or zerom sl~p, M can

haveany value t2tween +f and -f . Since both W wnd R =1, the

torque energy coefficient TI is equal to M(l + g) (sep paragraph 10).

Thus. for g > 0

=I + + g)

for g =0

and for g < 0

=-f(l + g)

The point g = -1 corresp'inds to a nonrotating wheel (noi.-ma1 slip infinite);

between g =0 and g = -1 , the -wheel is braked and energy is withdrawn

from the wheel; and for g < -1 , positive energy is supplied to rotate the

wheel in a direction opposing its movement.

Dissipated energy coefficient p

18. The dissipated energy coefficient p is the energy absorbed b-y

fric-tion between the wheel anid the surface. For zero slip, there is no

friction, so p = 0 .For a given slip, energy absorbed by friction for one

unit of distance traveled by the wheel is equal to the product of the

frictional force and the relative displacement of the wheel and soil

surfaces during the corresponding time. The friction force is +f(-f for

g < 0); the soil-wheel displacement. when the wheel- travels one unit of

distance is g (from the definition of differential slip). Therefore,

p= +fg(-f for g < 0), as shovn in figi 1.

Pull energy coefficient X.

19. The pull energy coefficient X is equal to the torque energy

coefficient n~ when slip is zero. For positive differential slip,

X=+f ;f~or negative differential slip, N)= -f .Considering the changes

of n~ P , and X as sl~p increases, the increase in torque eneigy is

exactly absorbed by the corresponding increase in dissipated energy and

thus pull remains constant. This result may appear obvious for the

theoretical reference condition; however, it is mentioned because for a

7



wheel rolling on a real soil, the torque energy and the dissipated energy

do not usually vary in such a parallel manner.

Traction efficiency

20. Fig. 2 represents the variation of traction efficiency T with

A

+1

0 +

Fig. 2. Traction efficiency

T(or -) for a rigid wheel on

a rigid ground

respect to normal slip s . Since the torque energy coefficient for self-

propulsion ia is zero for the theoretical reference condition,

• • - • • • _f(l + g) = 1 +----
1~ 1 1j~l - 1- S

a

8
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PAPM III: ANALYSIS OF TEST RESULTS

Data Examined

21. Test data were examined to evaluate the application of the pro-

posed method of analysis. The data were obtained from programed-slip

teats performed with smooth pneumatic tires in air-dry Yuma sand.

22. One tire, the 9.00-14, 2-PM, buffed smooth, was st-rdied in a

fairly thorough manner. Results of 18 tests with this tire, representing

a wide range of load, deflection, and cone index conditions, were examined.

The effects of load, deflection, and cone index on test results were

studied by the proposed method of analysis. Another group of test data

obtained with tires of very different shapes was used to explore thE'

influence of the tire dimensions. Six tests were with the bicycle tire

(1.75-26), five with the Terra-Tire (16-15-6R, 2-PR), and two with the

4.50-7, 2-PR tire. All tires were buffed smooth. The results show the

extent to which the method is valid for different tire shapes, and how

the performance curves are affected by the shape. A third group of data,

obtained from 13 tests with the 4.50-lP. 4-PR smooth tire, was analyzed,

but because of unexplainable inconsistencies in the data, these tests have

not been included in the analysis.

23. The test conditions from whuch data were obtained for analysis

are listed below.

D 'lection Load Approximate Test
Tire Size ,,_, lb Cone Index

9.00-14, 2-PR 15 455 25, 45, 65
670 25, 45, 65
890 25, 45, 65

35 455 25, 45, 65
720 25, 45, 651225 25, 45, 65

4.50-18, 4-PR 15 455 25, 45, 65
890 25, 45, 65

35 455 25, 45, 65

890 25, 45, 65
1h4o 53

(Continued)

9
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Deflection Load Approximate Test
Tire Size % lb Cone Index

14.50-7, 2-PR 35 225 55
1455 55

1.75-26 15 100 25, 65
225 25, 65

35 100 25
225 25

16-15-6R, 2-PR 25 225 20, r55
455 20, 55
720 55

Parameters Considered

24. In Part IT. the four quantities defined as the basic parameters

involved in the method of analysis were torque energy coefficient T , pull

energy coefficient X , dissipated energy coefficient p , ane' traction

efficiency T . Only two of these, torque energy and dissirated energy

coefficients, are considered in the present test analysis. The pull energy

coefficient is not studied directly because it is a principle of the mcthod

to regard it as the algebraic sum of torque energy and dissipated energy.

Traction efficiency T has not been studied in enough detail to be

reported.

Deviations of Experimental Results from Reference System

25. Wheels rulling in soils do not behave in the ideal manner shown

in the reference system in fig. 1. This is both a predictable result and

an experimental fact. In the following paragraphs, predictable differences

are discussed first, and then ideal and actual conditions are compared on

the basis of the test data. Comparison of fig. _ with test results sho'mn

in figs. 3 and 4 shows that there is still enough similarity between actual

and ideal behavior to expect a meaningful comparison.

Compareisons based on
predictable differences be-
tween actual and ideal conditions

26. The main reasons to expect differences between actual and ideal

10



Fig. 3. Torque
energy coefficient
as a function of i o3ooo
differential slip........
(an example of ex-
perimental result) o10

TOWFig g. LissipatedW
POINT-- nrgcefiiets

funtio ofdfeetia

ormd inthe irecion f th whel momenfto ctieon ofrdictinalrestis-

270ic4hewelsnktzr slip, th (isiate enaperg ofexf-

cient is nt zeroat zeo sli under ascta condiimens, b hasuacet) i
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a. System for energy coeffi- b. System for torque ard
cient, considering energy loss torque energy coefficient,,
due to sinkage at zero slip considering progressive in-

crease of torque with slip

A

c. System for pull energy d. System for plill energy
coefficient, considering pro- coefficient, considering
gressive increase of torque both energy loss due to sink-

with slip age at ,ero slip and pro-
gressive increase of torque

with slip

Fig. 5. Modified reference system diagrams

resemble that shown in fig. 5a. Sinkage also results in a certain ]ength of

contact between the wheel and the soil, and the torque may be affected

through the re.ulting stress distribution.

28. The relative soil-wheel displacement in the direction of the

wheel movement needed to develop friction in its direction for the acLual

wheel leads to a torque versus slip curve with a finite slope near the

origin. This finite slope and the approximate torque energy coefficient

curve that results are shown in fig. 5b. The pull energy coefficient curve

that would result, with the original dissipated energy p versus slip g

12



L "% a o) curve, is shown in fig. 5c. The pull energy coefficient X curve

resulting when both sinkage and soil yielding under shear are cor-idered

is shown in fig. 5d. It was obtained by translating downward the curve in

fig. 5c and shows that slip at the point of self-propulsion (X = 0) is a

function of both 0 and the shape of the torque versus slip curve.

29. The third main difference between wheels and the reference

zondition involves the effect of stresses and deformations normal to the

plane of the wheel. The three-dimensional pattern of the flow of the soilIunder the moving wheel is 1 elieved to be a fundamental characteristic of

its behavior. However, discussion of this effect is too complex to be

developed at the present time. (One aspect of the problem is considered

in Appendix C.)

Comparison based on
observed differences be-
tween actual and ideal conditions

30. Torque and torque energy. Plate 1 shows torque energj coeffi-

cient q plotted versus differential slip g . Usually, the torque is not

zero at zero slip. As load increases or cone 1iumA -'creases, larger posi-

* tive values of torque M and torque energy coefficient 11 are obtained at

zero slip. However, in most conditions, the values of torque energy coeffi-

cient at zero slip are small compared with the values ui dissipated energy

coefficient p at the same slip.

31. Another observation concerns the slopes of the torque energy

coefficient curves in the small slip range for various cone index condi-

tions. It is logical that the lower the cone index is, the smaller is the

slope because a looser sand needs a larger deformation to develop shear

strength. This is best seen on the Terra-Tire data (plate 1).

32. The torque energy coefficient curves change slope when differen-

tial slip reaches values between 20 and 40 perc'nt. At this po~nt, the

friction of the soil probably is fully mobilized; however, torque and

torque energy coefficientb do not have the same values at this point for

different test conditions. A very consistent result is that torque energy

coefficient at a given slip is smaller when the cone index is low or when

the load is high, or both. Thus, for constant slip and tire radius, the

13
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torque/load ratio is smaller for larger loads or for lower cone indexes.

This decrease of torque energy is important quantitatively. The amount of

decrease for the range of conditions under study is as great as 0.20.

Since the pull energy coefficient X which is equal to torque energy

coefficient minus dissipated energy coefficient (n - p) seldom exceeds 0.50

in the sand, thib decrease in torque energy of 0.20 is of primary importance.

So far, no theory has predicted a decrease in torqae/load ratio associated

with a load increase. A possible explanation may be found in the combined

effects of load, wheel geometry, and slip on the three-dimensional pattern

of the flow of the sand, combined with the relation between torque and

stress distribution (see Appendix B).

33. Generally, for a particular tire size, the test curve conformed

most closely to the ideal condition curve at the lowest loads and greatest

soil densities. Tests with very low loads on relatively large tires and

with high cone indexes showed torque energy coefficient I versus slip g

curves virtually identical with a theoretical straight line intersecting the

g axis at g = -1, as suggested by fig. 1 (also see curve in upper right

plot of plate 1 for 455-1b load, 65 cone index). This line is an 1:pper

boundary in the T1 versus g graph. The curves below this line are approx-

imately parallel for each tire. Therefore the slope of these lines appears

to be characteristic of the performance of each particalar wheel, and in-

dicates the maximum torque/load ratio that can be attained with that wheel.

34. In the reference system, the slope of the torque energy coeffi-

cient Versus differential slip line is equal to the coefficient cof friction

between the wheel and the surface on which it rolls. Experimental data

yielded torque energy curves (plate 1) with definite r 1 opes, and it would

be of interest to compare these slopes wi1h the tangent of the angle of

friction of the sand. However, the way to measure the angle of friction

to give a meaningful comparison presents a problem. Torque energy coeffi-

cient lines are straight for slips larger than 20 and 30 percent. For such

slips, the sand is subjected to largt strains, in terms of soil mechanics;

therefore, the angle of friction should be determined for correspondingly

large deformations. Because such measurements are not readily available,

14



the comparison could not be made. See Appendix C for information on shear

tests on Yuma sand.

35. Dissipated energy. The dissipated energy coefficient versus

differential slip 'urves are approximately straight (see plate 2). For a

given tire at a given deflection, the slopes of the dissipated energy

coefficient lines for various load and cone index conditions were the same.

These slopes were not affected by p , the dissipated energy coefficient at

zero slip. Therefore, the dissipated energy coefficient can be expDressed as

P = P0 + '

For a given wheel, P depends upon load and cone index and represents the

work necessary for the wheel to penetrate the sand while it is rolling at

zero slip. This penetration is primarily required to develop the bearing

capacity of the soil. The work absorbed by slip is represented by p'

It arises from the mechanical process in which slip friction is developed

and the slipping wheel digs the rut by carrying the sand rearward. This

i---ess is noL primarily related to bearing capacity, but as theoretically

"expected produces a resisting work proportional to differential slip.

36. For an underbtanding of wheel behavior in soft sand, it is of

major importance to note that generally the slope of the dissipatee energy

coefficient curves for a given wheel is different from the final slope of

the torque energy coefficient curves for the same wheel. Since the pull

energy coefficient is equal to the torque energy coefficient minus the

dissipated energy coefficient (X = I - P), this difference results in an

increase oi decrease of the pull energy coefficient with slip in the large

slip range (plate 3). In fact, this difference was consistently found to

be a decreasp, :xcept for the bicycle tire for which there was no variation.

The difference in slope of the torque energy coefficient I and dissipated

energy coefficient P curves was therefore responsible for the existence

of a maximum pull. The great difference apparent between theoretical and

actual conditions in this respect stifies the concept of considering

torque input and energy dissipation to be two distinct phenomena and pull

to be the result of their interaction. Thus far, no theory has predicted

15
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this difference in variation of input and diasipation with respect to

slip. A possible explanat 4 on eventually may be found in the effect of

slip on the three-dimensional pattern of the flow of the sand as in-

fluenced by the wheel geome try, combined with the relations existing

between flow pattern and stress distribution on one hand, and flow pattern

and energy dissipation on the other.

Comparisons Among Various Tires

37. The limited number of test results studied so far, with Aespect

to the number of parameters involved in a pneumatic tire rollin: on soft
soil, does not permit definite conclusions connecting a specific parameter

to a specific effect. The purpose of this section is rather to illustrate

the useiulness of the proposed approach by indicating ways of interpreting

the irfluence of tire characteristics on torque energy and dissipated energy

diagrams.

Change in slope on

torque energy diagrams

38. From the zero slip range, the torque eniergy coefficient first

increases at a rate that depends upon the cone index of the soil. Next it

reaches a transition zone where the slope of the curve flattens, and then

it varies along a straight line (constant rate of increase). The point T

at which the straight line begins is reached at a certain differential slip

g Experimental curves showed that slip g, Js approximately the same

for a given tire regardless of load and cone index conditions, but may be

aifferent for different tires. These experimentally derived slip values

are:

Differential Normal

Tire Slip gl % Slip sl,

1.75-26 (bicycle tire) 50 33
4.50-18 30 23
9.0oo-.4 30 23

Ts 16-15-6R (Terra-Tire) 20 17

This suggests that the wider the tire, the sooner the point T is reach-,.

As a whole, this is a reasonable conclusion, if considered only in ter-ms of

16



cmfimnement of soil under shear according to the shape of the iontact area.

However, a correct interpretation. must consider many other factors besides
width/diameter ratio. This property of reachrqz high torque energy at low

slips is of practical interest as far as efficiency is concerned, because

the dissipated energy coefficient increases linearly with slip.

Slope of torque energy

coefficient curves at large slips

390. The slope of the straight portions of the LorqL.e energy coeffi-

cient cur-ve is denoted by tar. o . Values of tan a betwe-n 0.51 and 0.58

usually were obtained in the test results, but values outside this range

-were noted, especially for the 4.50-18 tire aria for one test with the

bicycle tire. Velue; of tan 2 that are believed reliable are 0.51 or

0.52 for the 9.00-i4. 2-I-R tire and the bicycle tire and 0.56 for the

.erra-Tire. The data for tle 4.50-18 tire were not sufficiently consistent

to desinmate a va.lue of tan C for this tire. Since the values for the

other tires are close together, it - concluded that tire characteristics

do not significantly affect the ability of the tire to "evelop a certain

torque ratio.* provided a sufficiently large slip is attained. However,

the shape of the Terra-Tire did favor slightly larger torque ratios.

Slope of dissipated
ener vcoefficient lines

40. The slope of the dissipated energy coefficie:' Iin- is denoted

by tan P . From the test data appieciable differences in the values cf

tan 13 were fo:und for the different tires.

Tire tan f

].75-25 (bicycle tire) 0.>O 27
9.00-14 O.60 31
16-1.5-6R (Terra-Tire) 0.72 36

Tan •5 for the 4.50-18 tire was not considerea beoause of discrepanc4!,s

S* The torque re'tio at a given point of the torque energy curve is the
slope of the straight line drawn from the g = -1 Doint on the g axis
to the point under consideration on the torque energy curve. Thus, the
ratio is. • - M

S+ g WR (1+ g) WR

17
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found in the diagrams and because more recent data (not reported herein)

give different indications.

41. Although other factors may be invclved, the values of tan 1

shoved vary clearly the influence of tire proportions. The importance of

this influence can be shown by comparing a test of tbe bicycle tire with one

nP the Terra-Tire. In making this comparison, it has been assumed that both

have the same torque energy coefficient curve and conditions are such that

dissipated energy coefficient p0  at zero slip is negligible. As already

atat-d, pull energy coefficient X is equal to q - p . Therefore, the

variation from U.50 to 0.72 for tan f3 means that if the pull energy

coefficlen-, at 50 perrent normal slip (g = 1) were ('.I for the bicycle

tire, it would be only 0.18 for the Terra-Tire at the same slip. Thus,

from the standpoint of pull, the rate of' increase of dissipated energy

coefficient with slip is important. The rate of increase cf dli~sipated

energy coefficient p is also important in determining efficiency, since

for the powered Aheci p is the difference between input and output.

Because the value of tan 5 is appreciably different for different tires,

it is concludea that this factor represents a very significant character-

istic of tire behavior in sand.

18
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PUC IV: CONCLUSIONS AND RECO MDATIONS

Conclusions

42. The case of a powered rigid wheel rIlling on an incompressible

surface was examined to determine its utility as a datum, or reference,

upon which to base an analysis of pneumatic-tired wheels rolling in yield-

ing sand. The examination revealed considerable merit in this method of

analysis. The following advantages were shown:

a. The reference condition provided straightforward means of

separate consideration of the energy input coefficient

and the energy disripation coefficient p The pull coeffi-

cient X is regarded as the difference between n and p
b. Comparison of actual data (on the pneumatic-tired whael)

with similar information provided by the referenx: condition

was feasible and appeared to be useful.
c. Relations that varied linearly under the reference condition

(n versus g and p versus g) also varied linearly

using actual data, at least for a significant portion of the

range of data covered (plates 1 and 2).

d. The slopes q/g and p/g , identical in the reference

condition, were found to be different for actua2 data.

This fact appears to Justify a need for separate study of

the two energy quantities n and p .

e. The resulting X versus g curve (x = P- ) for actual

data was not the straight line with zero slope that re-

sults from the reference condition.

f. Differences between actual data and reference data were

considered to be attributable to the sinkage necessary for

bearing capacity, the slip necessary for mobilizing shear

strength in the direction of movem.ent, and three-dimensional

deformation and stresses.

43. Data studies at present do not permit complete numerical pre-

sentation. However, they warrant the conolusion that the method of

19
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analysis yields means of characterizing quantitatively the general behavior

of a tire by use of the parameters of the energy coefficient curves which

remain constant when load and sand strength vary.

Recommendations

44. The following recommendations are made:

a. Tests should be performed with rigid wheels of two diameters

and three different width/diameter ratios. Such tests would

pelmit an evaluation of the influence of wheel dimension

and width on the performance of wheels, as represented by

the shape of the torque energy coefficient curves and the

slope of the dissipated energy coefficient curves. The use

of rigid wheels with rectangular cross section would eliminate

the infilence of tire deformability and the influence of

shape of tire cross section.

b. Tests should be performed with rigid wheels of different

cross-section shapes to study the influence of this factor

on wheel performance, as represented by torque energy. and

dissipated energy coefficient curves.

The recommended tests would contribute to the understanding of the differ-

ences observed in performances of pneumatic tires.

20
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APP• DIX A: COMPARISON OF NORMAL SLIP AND DIFFEEETIAL SLIP

Definitions

1. Normal slip s and differential slip g are defined as follows:

theoretical vclocity - actual velocity
theoretical velocity

theoretical velocity - actual velocity
g = actual velocity

Values of Normal and Differential Slip Under
Various Operating Conditions of the Wheel

2. The operating conditions of the wheel that determine the magnitude

of the s" p are the relative values of forward speed v , rotational velocity

aý , and peripheral velocity Ru . When v = Pa , slip is zero; this is true
for both nor.ial and differential slip. In ail other cases, s and - have

different values. Fig. Al 3unmar-zes the range of variations of s and g

in all possible cases.

V 0

'=0 ±>0--L V <0 • =0

V =Rw V=R-R

V> Rw,..- V < R, w -•, IVI < Ro jV > Rw -

+1 +2

NORMAL SLIP S

-2 .- OIFFERENTIAL Sl IP

SVRR R R

R R
V V

V=0 < 0 .1- -- >0 V=0

NOTE: V AND c ARE USFO AS VARIABL-S ON THIE S AND
DIAGRAMS, RESPECTIVELY, TO AVOID CONSIDERING IN-
FIPNITF VALUES OF V OR .•.

Fig. Al. Correspondence of slip definitions

Al
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3. In fig. Al the differing lines on the s and g axes indicate
the range of variation of both slips in correspondin eonditiono. For

instance, when normal slip s varies frca 0 to 1, differential slip g

varies from 0 to +w . Symmtrically, whea varies from 0 to -w , g

varies from 0 to -1. These ranges cover all conditions where rotation ad

movement of the wheel are in the se direction (I> 0).

4. When the wheel is rotating opposite to its direction of movement

(!< o), as in the case of a vehicle trying unsuccessful' y to climb a

slope and slipping back, the normal slip s varies from 1 to 40 , and

differential slip g varies from -w to -1. Thus, in this condition, a

is positive and g is negative. It should be noted, however, that s

and g always are increasing functions, each of the other. A unique

condition occurs when v = -Th) ; the wheel is rotating at the same

velocity as it does for zero slip, but in the opposite direction. In

this condition, normal slip s = +2 , and differential slip g : -2

Properties of Normal and Differential Slip

5. } . A2 shows the relations among speed, normal slip, differential

slip, position of the instantaneous center of rotation I, and rotational

velocity of the wheel. In fig. A2 the angle C2) is proportional to w ,

v representa the forward velocity of the wheel axle, and v representsr
the velocity of a point an the wheel circumference as it passes the vertical

plane through and below the axle center line. For a rigid wheel on a rigid

surface, vr is its relative speed at contact.

6. Fig. A2 illustrates the following:

a. For normal slip s :

(i) The distance traveled by the wheel in one revolution is

2% x CI 2- R (1 - s). Thus, the distance traveled pcr

revolution is proportional to 1 - a .

S•) lNormal slip is proportional to the distance between the

instantaneous center of rotation and the lowest point of

the wheel. Tmis, the relative contact speed v isr

proportional to a

A2
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R/- R 0 -&13

R ,7W

V,3 RS.

1+1

1 1 +SR
1+3

Fig. A2. Geometric3.l representation of' differentisi. slip and normal slip

b. For differential s ,xW T e ,

(i) The number of rev lutions per unit of distance traveled
by the wheel is •.xC 2•R- " hrfoe h

number of revolutions per "mit of ciistance traveled is

proportional to I + g . Similarly, the distance

traveled per revolution is proportional to I

(2) The relativw displacement at the contact between the

wheel and the surface, when the wheel travels one unit of

distance, is given by the ratio - . This ratio is equal
Vr

to g . T.hus, the grond-wheel displacement at contact,

per unit of distance traveled, for a rigid iheel on a

rigid surface is proportional to difftrc.-tial slip g

A3



APPMDfl B: MDUcEE OF STRES DISBUTI3TfON ON TOEQUE

1. The purpose of the study presented in this appendix is to de-

termine how Druch the moment of the resultant of the stresses may vary

along the circumference of a rigid wheel with respect to the wheel axle.

Only the two-dimensional case is considered, and it is further assumed

that:

a. The tangential stress at every point of the wheel circumfer-

ence is equal to the normal stress multiplied by a constant

coefficient of friction tan ý . Consequently, the con-

clusions are valid only if the slip is large enough for this

to bp true.

b. The resultant of the contact stresses has an inclination with

respect to the vertical that varie3 with the test conditions,

but its vertical component is always equal to the load W on

the wheel. Thus, the value of the resultant is not consttu.

when its inclination varies.

2. To provide a basis for analysis, the value of the torque M in

the various cases is compared with the torque M0  occurring at the limit-

ing condition represented in fig. Bl, where the resultant is a concentrated

Fig. B1. Stress distribution on a wheel
reduced to a unique force

WJ
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force acting an the lowest point of the iheel (rigid wheel on rigid grountd).

This can be written

"No WIR tan )

3. The value of the moment of the resultant of the contact stresses

on a wheel in soil is affected by three ele- nts:

a. The inclination of the resultant, which has a constant

verti-al component W

b. The extent of the arc on which stresses are acting; i.e. the

extent of the distribnution.

c. The shape of the distribution.

4. In this study a symmetrical distribltion is assumed; therefore,

the inclination of the resultant car. be repres'-nted by the angle a (see

fig. B2) formed by the bisecting line of the distribution and the vertical.

Actually, a represents the inclination of the distribution as well as

that of the resultant. The extent of
F .the distribution is measured by 0•

5. Two extreme cases of the

shape of the stress distribution,

assuming no tension between the soil

and the wheel, can be hypothesized as
(a) one oncentrated force and (b) two

concentrated forces at the extremities

of the contact arc. Since the second

conditiat is very unlikely in practice,

a third case is considered, which is

a uniform stress distribution along

t•he arc of contact. It is reasounble

to state, at least for sand, that the

actual distribution is between the
Fig. B2. Uniform stress distribu- concentrated force and the uniform
tion on a wheel, definition of

angles distribution. The effects of the

77



inclination of the resultant and of the extent of the 3tress distributica

were smvalated by the etudy of the uniform distribution in fig. B2. This

dtstribution can be characterized by the parameters a and 0 , and th.

stress magnitude n . With angle c to an arbitrary point P on the

arc of contect as the variable,

n tanf

2 2
M~ tR de = 2tR- i(Mt) (B2)

6. The angle a does not appear in the equation because the condi-

tion that the vertioal ý,'nmponent of the resultant is W has not yet been

stated. Thiz is expressed by the equation:

* SW = (n cos e + t sin •)Rde

Mhen, since t n `.an , or n = t sin s '

c O'si

cc-

tTj r -.~f

I -t• +• cos cos -E + sin sin e) de

" sin o( -

-MtR [

• ~I t L2 sin (E os~ )S= •R [sin (cy+ •-i ¢) -sin (O - 5 )

sir

R/

[2 sin cos (n



Cwsequently,

W sin
2R sin p cos 7c-T•

and then combining with equation B2,

sin

From equation B1,! M s , or Mocos : sin .0 Cos
Then substituting this in equation B3,

Cos•

M =M -**~ CO (B4)0 sin ý cos (-P Q

7. The effect of the extent of the distribution is expressed by the
factor .-- In the case of a concentrated force, 0 0 and 0 = 1

sin 3 " in 1
The maximum deviation of the torque for which the distribution is responsi-

ble is the difference between 1 and 1 for each value of 6 Thesin 6
actual deviation is e. fraction of the de-vli•tion corresponding to a uniform

distribution. The moment increases when t increases, according to the

rollowiug tabulation (uniform distribution):

. ,deg 0 5 10 15 20 25 30o 5 4o 45

Increase of M 0 0 1 1 2 3 5 6 8 10
due to factor

-- (percent)
sin B

8. The effect of the inclinaticn of the resultant is expressed by
Cos

the factor Cos ( e- ; for a concentrated force,

M o M (B5)

This expression descrIbes the influence of the inclination of the resultant

with respect to the vertical when the vertical component W is constant.

For a between 0 and ' , M decreases when ( increases. M has a

minimum value for a = , tni then increases with increasirxg a for

B4
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a> % • The amonmt of the deviation is given in the following tabulation

for =30 deg:

a,deg ,0 5 10 15 20 25 30 35 40 45
Deviation of M due 0 -4 -8 -10 -12 -13 -13 -13 -12 -10

to factor
Cos (percent)

cos -a)

[: i B5



APPENDIX C: ROTATIONAL DIRECT SHEAR TESTS ON YUMA SAND

1. The desirability of comparing the slopes of the I versus g

curves and the angle of friction of the sand was discussed in paragraph 36

in the main text. Plate 1 in the main text shows straight lines for re-

latively large slip values. Since large slips imply large deformations,

large-deformation shear tests were performed cn Yuma sana to determine the

ultimate anile of friction.

2. £he tests were conducted with the Hvorslev rotational direct shear

test apparatus.* For practical reasons, most of the tests were made using

divided rings for the annular shear box; thus, the shear box was made of

two halves separated during the test by a narrow spacing. It was necessary

to keep this spacing as small as possible during the shearing process to

avoid sand flow through it, if a plane s rain condition was to be realized.

With such precautions, very consistent test resultL were obtained, giving

a horizontal stress T over vertical stress a ratio of 0.61, correspond-

ing to an angle of friction ý of 31-1/2 deg (see table Ci).

3. Since a plane strain condition does not occur under a moving

an J2.-'.-tigaticn wa.. .adr of thef .+ " of Thp width of the spacing

between the rings of the annular shear box on the apparent angle of fric-

tion. The results showed a regular decrease in the apparent shear strength

from 0.61 for a spacing between 0 and 0.5 mm to 0.4 for a 3-mm spacing.

This was due to the different limiting conditions for deformation in the

-lear zone. It is similar to the effect of the lateral movement of the

sand urder a wheel, which leads to an apparent angle of friction smaller

than 31-1/2 deg, the slope of Ti versus g curves (see table C1 and

fig. Cl).

4. It is not possible to make a direct comparison between the de-

formation conditions in the rotational shear test and those under a wheel.

However, test results show that the decrease in apparent shear strength in

both conditions is of the sane magnitude, which confirms the importance of

this effect on the performance of a wheel. An approach using the comcept

• T. S. Army Engineer Waterways Experiment Station, CE. Torsion Shear Appa-

ratus and Testing Procedures, Bulletin No. 38, Vicksburg Miss., May 52.
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Fig. Cl. Effect of spacing between the rings
in rotational direct shear tests on Yuma sad

of the geometrical anisotropy of the sand may lead to a theoretical relation

between the conditions of deformation and the stresses within a sand mass,

and thus explain the influerice of the conditions of deformation of the sand

under a wheel. A complete analysis of the flow pattern, however, is much

too complex to be considered in every detail.
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Table Cl

Torsion Shear Test Res-lts, Yuma Sand

Test Vertical Stress Shear Stress

No. v kg/cm Spacing, mm 2 v

Undivided Ring

10 o.6 -- 372 O.630
352 0.595

11 o.6 -- 352 0.595
1.1 -- 641 0.582

Divided Ring,

3 o.6 0.5 372 O.605*

1.1 0.5 685 o.614

4 o.6 0.5 372 o.605

5 o.6 0.5 376 O.610
1.1 0.5 677 O.610

9 0.3 0.5 194 o.614

14 1.1 0.5 687 o.616
0.5 676 0.609

Effect of the Spacing 3etween the Rings

9 0.3 0.1 194 o.6.4
O.7 194 o.614
1. 3 170 0.537
2.4 156 0.493
3.2 130 0.414

14 I.1 0.0 687 o.616
0.15 676 0.609
0.5 669 0.6oo
0.7 662 0.594
0.8 653 0.585
1.1 605 0.543
1. 5 574 0.515
1.8 535 0.478
3-C 435 0.390

* The average T/av for the divided rings is 0.610; arc tan 0.61 31-1/2
deg.



PAPPENDIX D: CRITERIA FOR PROPELLIMK-SYSTEd EFFICE2

Size and Efficiency

1. It is recognized that efficiency of a propelling system is

important when considering costs. However, efficiency also is important

with regard to the dimensions of the system, its fuel consumption, and the

requirements of supply. Thus, it is a criterion worthy of consideration in

the study of vehicle mobility. However, only efficiency of the soil-wheel

system is considered in this study, without regard to efficiency of other

I vehicLle components.
2. For propelling systems supported by deformable media, a dilemma

exists between the size of the propelling system and the propulsion

efficiency. The propulsive force is obtained by deformation of the

medium and is an increasing function of that deformation and of the area

of action of the propelling system on the medium. However, deformation

also dissipates energy, and for all media, as deformation increases, energy

dissipation increases faster than the increase in propulsive energy ob-

tained. Therefore, an increase in deformation results in a decrease in
efficiency.

3. Thus, if a given propulsive force is required, two parameters

may be acted upon: the area of action of the system, and the amount of

deformation of the medium. Deformation must be decreased to increase

efficiency; therefore, to keep the propulsive force constant, the area of

action of the propelling system must be increased. This can be done in

either of two ways: by increasing the overall dimensions of the propelling

system, or by modifying its configuration keeping size constant. For

vehicles operating on soil, modification can be accomplished, for example,
by reducing inflation pressure of the tires or by adopting a track con-
figuration. If this dots not produce the desired efficiency, dimensions

must be increased as in the case of the very large whbtel diameters (com-

pared with vehicle size) of a farm tractor.

4. This reasoning is generally valid for propulsion through deform-

able media. It is also valid for boat or aircraft propellers, where the

Dl



necessity for a comproaise between size and efficiency has long been rec-

ognized. The following example illustrates the dilemma between efficiency

and size for an air propeller. It is assumed that propelling a car at

67 mph required a power of 20 kw. To furnish this power, a propeller 8 in.

in diameter would require a pcwer of 60 kw, obviously inefficient. A pro-

peller 8 ft in diameter would require only 21 kw, but is out of proportion

to the size of the vehicle.* The problem of wheels on deformable soils

presents an analogous situation, except that the mechanisms used to in-

crease the size of the propelling system or to modify its configuration are

peculiar to soil-wheel systems.

Means of Expressing Efficiency

Review of efficiency coefficients

5. A review of coefficients of efficiency used or proposed by vsrious

authors or laboratories is given below. These coefficients were taken from

existing literature on efficiency of wheels in -oft soils. When not stated

otherwise, definitions werp taken from the proceedings of the First Inter-

national Conference on the Mechanics of Soil-Vehicle Systems held in Turin,

Italy, in 1961.

a. U. S. Army Engineer Waterways Experiment Station:

Towed force coefficient =
W

Drawbar pull coefficient = M

T

Traction coefficient T
W

where PT = towed force
P M = maximum pull

W = load

* S. Boudigues, "Defense et illustration des rropulsurs pour avions

rapides (DefencE and illustration of propulring systems for fast
airplanes).,

D2
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In this definitioul, the pull and the towed force are ref-

erenced to the same sinkage.

b. Vehicle Mobility Leboratory, CanadiaL Army:*

Drawbar coefficient =-

W

P
Optimum drawbar coefficient, or mobility index P-

where P = pull

Popt is defined for a track by the maximum of the curveopt P V versus slip c , where

W vt

v = vehicle speed

vt = track speed

The equivalent for a wheel would be the maximum of P (1 - s)

versus slip s . The optimum is the pull occurring at the

slip of the maximum of the curve.

Py P

Drawbar efficiency for a wheel,power input MUo wel

Lv Lv
Load-carrying index - p i ; for a wheel, L

where L = payload

c. U. S. Department of Agriculture National Tillag Machinery

Laboratory:**

P
Coefficient of traction =-

W

Power efficiency =

* W J. Dickson, "Ground vehicle mobility on soft terrain," Proceedings,
American Society of Civil Z-h.geers, No. SM4, vol 88, Paper 3225
(August 1962), pp 126-129.

* G. E. VandenBerg and I. F. Reed, "Tractive performance of radial-ply
and conventional tractor tires," Transactions, American Society of
Agicultural Enieers, General edition, vol 5, No. 2 (1962), p 126-
129,1
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Performance factor = coefficient of traction x power efficiency

Coefficient of rolling resistance p = - -

Travel efficiency = 1 - s

d. Stevens Institute of Technology:**
Pv

Power efficiency =

e. F. L. Uffelmann (Fiihting Vehicles Research aad Development

Establishment, Chertsey, England):

Tractive soil reaction = horizontal component of the re-

sultant of the tangential sticesses on thp wheel

Rolling resistance = towed force

f. J. R. Phillips (University of Western Australia):
it, P 14o,-

Coefficient of rolling resistance p =- = Wv

•. G. S. Steinbruegge (University of Nebraska):

Soil tractive efficiency s
soil energy losses
distance of travel

This definition assumes that soil energy losses can be

determined directly by theory.

Functions of vehicles

6. A single definition ol efficiency of a soil-wheel system is

difficult to justify because, at least mec"'anically, the wheel is used for

two different purposes: (a) to act as a machine in which torque is trans-

formed into pull as in a tractor, or (b) to propel itself witholat production

of a pull as in a four-wheel-drive vehicle (at least on level ground, witith

air resistance ignored). Both uses are important, and one coefficient,

regardless of how refined its definition, cannot adequately express both

qualities of a system. For example, if efficiency is expressed in pull,

* J. F. F1hillips, o , p 1.
** C. W. Wilson and J. P. Finelli, A Progress Report of Tests un Militar

Type Pneumatic Tires, Stevens Institute of Technology, Experimental
Towing Tan& Report No. 570, Hoboken, New Jersey, November 1955.

D4



any self-propelled vehicle, no matter what its qualities, always has zero

efficiency. Since the tractive function and the load-carrying function are

often combined, a coefficient of efficiency will have to be an arbitrary

ecipromise, depending on the relative importance of each Punction in a

given case.

Total efficiency

7. The simplest coefficient to express the efficiency of a wheel

acting as a machine to transform torque energy into traction e,.,rgy is the

expression . This ratio is often called power efficiency, but since

many other possible ratios are also power ratios, it is proposed to denote

this ratio by the term "total efficiency" to show that it is the ratio of

recoverable energy to total energy input.

8. Expressed in terms of the quantities used in t.,is report,

Pv P Wv X

This ratio is denoted ý1 For a rigid wheel on a hard surface,

= f 1"T) fu+g +g s

Thus, in the reference condition, total efficiency P is identical with

1 - s , a factc- called travel reduction or travel efficiency by otht ...

The formula 4 - s holds 'or positive slip. A definition of efficiency

for negative slip (in the reference system for a braking condition) har not

yet been considered necessary.

Traction efficiency

9. Total efficiency ýi -onsiders the vehiclu only as a machine

producing a pull. To include tne fact tt-t it is moving at the same time,

energy needed to move the vehicle with no pull must be considered separately

frca the energy employed to produce pull. The energy at zero pull is the

energy iput in the condition of self-propulsion and is denoted ,a . The

difference I - na is the additional energy input needed to produce a

pull. To express how well this energy is used, "traction efficiency" is

defined as the ratio T X (In the ideal case of the rigid wheel'1 n a

D5
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on rigid ground, na is zero; then, in that special case, T and • are

identical.)

Self-propulsion index

10. When a wheel is just barely propelling itself, its pull-producing

efficiency is zero. It is desirable, however, to have a way to compere

energies required by different wheels under different conditions, so the

self-propulsion index has been defined as loglO (L). It is the decimal
ia

logarithm of the inverse of the energy reqi, 4 red per unit of load per unit

of distance traveled. In other words, if thi en2rgy is 101 , the index

is i; if it is 10-2 , the index is 2, This apparentiy sophisticated defini-

tion was selected to yield numbers of convenient use in a range compatible

with achievable accuracy. Using the reciprocal of n a gives an index such

that the greater the index, the more efficient is he wheel performance.

The lo~arithm is used to reduce 'he scale Pnd th.ks avoid the illusior if

a high degree of accuracy. According to thL; definition, the test results

show that the 9.00-14 wheel with a 1200-lb load on a 35 cone index sand

has an index of 1. The 16-15-6R Terra-Tir- also has an index of 1 on the

same strength sand, but with a 350-'b load. An increase or a decrease of

6.3 in the silf-propulsion inrex means that the energy required to propel

the wheel has c'hanged approximately in a 2:1 ratiL. The 16-15-6K Terra-

Tire with a 200-lb load on 65 cone index sand nas a self-propulsion index

of 2, which means tha' it requires only one-tenth the energy that it does

when the index is 1.

11. For a given wheel, the seif-pronulsioi. inde' is a function of

load and soii strength. The performance of two self-propelled wheels

can be compared ty meai, of ui±grvns ,. the relation of the self-propulsion

index to wheel load and soil cone index.

12. By analogy w-ih the self-propulsion index, other indexes can be I
derived for defining the ability of a vehicle to carry a payload, for a

towed vehicle or for a combination of powered and towed conditions.

Combination of Efficiency Coefficients and Indexes

13. The efficiency coefficients and self-p.-r'mlsion index that have

D6
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I
been defined are essentially different, and there iz no logical way to ccu-

bine them. If a vehicle, with or without load, must move from one place

to another and at the same time produce a pull, the two functions must be

considered separately and the optimum condition defined empirically accord-

ing to the circumstances. For example, there is no broad scientific defini-

tion of the efficiency for a vehicle climbing a slope ..mless the horizontal

transportation is disregarded, because physics does not defi.re the relative

Practical usefulness of li.fting a vehic!e a certain vertical distance while

moving it horizontally another dis.tance.

I
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